When exposed to irradiation-e.g., in nuclear power plant environments-minerals may experience alterations in their atomic structure which, in turn, result in changes in their physical and chemical properties. Herein, we mimic via Ar + implantation the effects of neutron irradiation on calcite (CaCO 3 ) and dolomite (CaMg(CO 3 ) 2 )two carbonate minerals that often find use as aggregates in concrete: a material that is extensively used in the construction of critical structural and safety components in nuclear power plants. By a pioneering combination of nanoscale quantifications of mineral dissolution rates (i.e., a proxy for chemical durability) in alkaline solutions, vibrational (infrared and Raman) spectroscopy, and molecular simulations, we find that irradiation minimally affects the atomic structure and properties of these carbonate minerals. This insensitivity to radiation arises from the predominantly ionic nature of the interatomic bonds in these minerals which can relax and recover their initial configuration, thus ensuring minimal damage and permanent alterations to these minerals following radiation exposure. The outcomes have significant implications on the selection, use, and specification of mineral aggregates for use in nuclear concrete construction.
INTRODUCTION
Carbonates are common minerals that make up nearly 20% of sedimentary rocks at the Earth's surface. 1 Limestone, a sedimentary rock composed mainly of calcite (CaCO 3 ) and dolomite (CaMg (CO 3 ) 2 ), often finds use as a mineral aggregate in concrete. [2] [3] [4] [5] Recent studies have shown that aggregates may be altered upon exposure to irradiation, resulting in decreases in the compressive strength and elastic modulus of concrete at fluence levels above 1.0 × 10 19 n/cm 2 . 6 Under prolonged neutron irradiation, aggregates and their mineral constituents may feature volume expansions or enhancements in their reactivity, e.g., enhanced dissolution rate. 7 The cement paste, because of its poor crystallinity, has been shown to be relatively less affected by neutron irradiation. 8 Such alterations can detrimentally affect the structural integrity of concretean issue of particular importance in nuclear power plants (NPPs). 6, 7, [9] [10] [11] Volume changes produced in nuclear power plant concretes may result from expansion, drying shrinkage, and radiation (e.g., neutron, and γ-rays) effects on the aggregate and cement paste. Aggregates and the minerals therein, which occupy >70% of the volume of concrete and are disproportionately affected by radiation exposure, dominantly affect volume changes and the durability of concrete. Thus, damage and cracking of concrete can occur due to mechanical expansive stresses resulting from the irradiation-induced volume changes of the aggregates and the onset of dissolution-facilitated alkali-silica reaction (ASR) or alkalicarbonate reaction (ACR) for siliceous or carbonaceous aggregates. 12, 13 Studies of irradiation-induced alterations of the atomic structure and reactivity of minerals have mainly focused on silicates such as quartz: SiO 2 , albite: NaAlSi 3 O 8 , and almandine: Fe 3 Al 2 Si 3 O 12which were observed to form disordered structures following their irradiation. 7, 9, 10 However, the effects of irradiation on carbonates remain less clear. For example, for calcite, whereas some studies reported negligible changes both in its atomic structure and dissolution kinetics, 7, 14 others indicate an evolution toward an amorphous atomic structure with increasing fluence. 15, 16 Analogous studies on dolomite have not been undertaken. Dolomite and calcite exhibit similar structures, wherein layers of carbonate ðCO 2À 3 Þ groups separate layers of different cations (Ca 2+ in calcite, or Ca 2+ and Mg 2+ in dolomite) (see Fig. 1 ). Both minerals can be described by a rhombohedral unit cell, but the alternating Ca-Mg arrangement in dolomite reduces its symmetry, i.e., vis-à-vis calcite, from R-3c to R-3. Despite the structural similarity of these two light-metal carbonates, significant differences have been observed with respect to their dissolution kinetics, 17, 18 solubility, 19 and thermal expansion behavior. 20 These differences have been explained in terms of the differences in the properties of the C-O, Ca-O, and Mg-O bonds (e.g., bonding energy, interatomic distance, etc.). 20 As such, it may be envisioned that irradiation influences the structure and properties of these two carbonate minerals distinctly. 21 Therefore, this study examines and compares the effects of irradiation on calcite's and dolomite's atomic structures and reactivities in aqueous solutions. Vertical scanning interferometry (VSI) provides high vertical resolution (~2 nm) topographical data of reacting surfaces, enabling measurements of dissolution rates of irradiated layers with thickness < 500 nm. The combination of nanoscale (VSI) analytics and molecular dynamics (MD) simulations implemented herein provides a general overview of the effects of radiation damage, and offers an analysis of how changes in the atomic structures of minerals result in changes in their chemical durability. The outcomes offer new insights into the mechanism of irradiation damage of lightmetal carbonates at the atomic scale and inform the selection of durable mineral aggregates for the production of concrete that may find use in both nuclear-energy/-waste disposal applications. Figure 2 shows the dissolution rates of calcite and dolomite before and following irradiation. Dissolution rates of pristine calcite and dolomite as reported by Plummer et al., 24 Busenberg et al., 25 Chou et al., 17 Shiraki et al. 22 and Dolgaleva et al. 23 are also shown for comparison. 17, [22] [23] [24] [25] In general, it was observed that the dissolution rate remained unchanged for 6 ≤ pH ≤ 10, and decreased thereafter as the pH increased, in relation to the increase in the carbonate-ion activity in solution. 26 The dissolution rate of carbonates in alkaline solutions is controlled by the pHdependent concentrations of dissolved H 2 CO Ã 3 , HCO À 3 , and CO 2À 3 at the solid-water interface. 27 In highly alkaline solutions, the sorption of hydroxyl ions by the mineral surface leads to a higher surface pH due to the formation of negatively-charged surface groups, which may reduce the rate of carbonate detachment. 27 It should be noted that although the literature data considered herein were obtained under the same pH, 17,22-25 the dissolution rates, especially of calcite, show considerable variability on account of differences including particle size distribution, solution chemistry, and sample source. 22, 28 Nevertheless, our measured dissolution rates lie within typical ranges observed previously, and in fact agree closely with the data of Chou et al. obtained at 25°C. 17, [22] [23] [24] [25] Overall, it was observed that the dissolution rate of dolomite is lower than that of calcite over the entire range of pH considered. 17 The slower dissolution kinetics of dolomite has been attributed to the rapid release of Ca 2+ , which leaves the solid enriched in a MgCO 3 component whose protonation and hydrolysis control the overall dissolution rate. 29, 30 Although the dissolution rates for both pristine and irradiated calcite are within the range of published values (see Fig. 2 ), upon irradiation, a uniform decrease in the dissolution rates of calcite over the entire pH range probed was observed. This is postulated to be on account of ion implantation, at the energies and fluence implemented herein inducing the reorganization of existing dislocations in the crystal structure in an effect similar to annealing, 31 which would result in a consequent reduction in the dissolution rate (and elsewhere, has been observed to result in an increase in calcite's hardness). 32, 33 This effect is more prominent in the case of calcite, i.e., rather than dolomite on account of the calcite being a pure and oriented single crystal as compared to the natural dolomite sections. In the case of dolomite, irradiation appears to impose no effect on its dissolution rate. Thus, it can be concluded that irradiation affects carbonate mineral dissolution rates in a much more limited manner than observed for silicates. 32, 34 For example, quartz, albite, and almandine have shown increases in their dissolution rate upon irradiation by a factor of 1000 times, 20 times, and 2 times, respectively. 7, 9, 10 Effect of irradiation on the atomic structure of carbonate minerals Irradiation can significantly affect the crystal structure of minerals by altering: (i) coordination numbers, (ii) bond lengths, (iii) bond angles, and/or (iv) their medium-range order. 7, 9, 10 Such alterations and defect formation can produce substantial structural changes, such as loss of crystallinity, i.e., amorphization. Here, vibrational (Fourier-transform Infrared (FTIR) and Raman) spectroscopy techniques were used to evaluate disordering. The main difference between these two techniques is the nature of molecular bonding that they assess. Specifically, whereas Raman spectroscopy measures the change in the polarizability of the 24 Busenberg et al., 25 Chou et al., 17 Shiraki et al., 22 and Dolgaleva et al. 23 for calcite dissolution under similar conditions of pH, flow rate, and temperature molecular bond during vibration, FTIR measures the change in the dipole moment during vibrations. 35 The degree of structural disordering can be revealed using FTIR from (i) the number and the intensity of peaks, and (ii) the displacement of a given peak from its reference position. 36 For example, disordering is associated with a decrease in the number of FTIR peaks, and a shift of their positions toward lower wavenumbers. Figure 3 shows the FTIR spectra of calcite and dolomite, before and following irradiation. The FTIR spectra of these carbonate minerals revealed known major peaks at 1435-1450, 876-881, and 712-730 cm −1 and minor peaks at 2530-2550 and 1812-1818 cm −1 , 37 which are related to the stretching and bending modes of the CO 2À 3 groups. 15, 37, 38 The similarity in the atomic structures of dolomite and calcite is reflected in their FTIR spectra. Notably, the two major absorption peaks of dolomite (i.e., around 876-881 and 712-730 cm −1 ) lie between those of calcite and magnesite (MgCO 3 ). 38 Broadly speaking, the FTIR spectra of the irradiated carbonates are indistinguishable from those of the non-irradiated samples, especially for dolomite. The minor peak broadening at 876 and 712 cm −1 observed in the case of irradiated calcite (see Fig. 3a ) is postulated to be on account of the ion implantation-induced reorganization of existing defects in the crystal structure, 31 which could have resulted in the observed reduction in dissolution rate as noted above. Previously, Nagabhushana et al. 15 showed both reduction in the peak intensity and peak broadening upon ion implantation in calcite for peaks corresponding to the CO 2À 3 group's bending and stretching modes. This was attributed to the breakage of carbonate bond (-C-O-) or changes in the crystallite size due to irradiation-induced volume expansion. 15 However, it should be noted that the implantation energy used by Nagabhushana et al. was 100 MeV, which is almost 3 orders of magnitude greater than what was used in the current study.
RESULTS AND DISCUSSION

Dissolution behavior of pristine and irradiated carbonates in alkaline solutions
The Raman spectra of calcite and dolomite before and following irradiation, are shown in Fig. 4 . It is noted that similar to the FTIR observations, the positions and intensities of the 6 major peaks that characterize the chemical bonding of the carbonates remained fairly unchanged. 39, 40 These peaks which are described The peaks are essentially similar before and following irradiation. Fluorescence is more obvious when using a 532 nm laser as typical for a lower wavelength laser source. Although use of a lower wavelength source induced greater fluorescence, this source probes the depth of the material corresponding to the zone affected by irradiation in Table 1 include: a major peak located at 1085 cm −1 (calcite) or 1100 cm −1 (dolomite), which reflects the symmetric CO 2À 3 stretching (ν 1 ), 39 two medium peaks at 280 (calcite)/304 (dolomite) and 154 (calcite)/179 (dolomite) cm −1 , which are assigned to external CO 2À 3 rotational and translational modes, respectively, 39 and two weak peaks at 710 (calcite)/725 (dolomite) and 1434 (calcite)/1445 (dolomite) cm −1 , which are related to symmetric CO 2À 3 deformation (ν 4 ) and antisymmetric CO 2À 3 stretching (ν 3 ). 41 In addition, a peak located at 1747 (calcite)/1765 (dolomite) cm −1 corresponds to a CO 2À 3 internal mode that originates from the outof-plane CO 2À 3 ion bending (ν 2 ). 39, 41 Our data suggest that both the pristine and irradiated materials share similar chemical bonding modes on their surface, i.e., CO 2À 3 stretching, rotation, translation, or bending. Therefore, the results from both Raman and FTIR spectroscopy show that irradiation did not significantly alter the structure of carbonates, consistent with the results of Pignatelli et al., which employed cross-sectional transmission electron microscopy/selected area electron diffraction (SAED). 7 New insights from molecular dynamics simulations into structure and reactivity Molecular dynamics simulations provide direct insight into the effects of irradiation (ballistic impacts) on the structures of calcite and dolomite. For example, first, Fig. 5a shows the evolution of the density of these two phases upon irradiation. In contrast to the behavior observed in silicates, 7, 9, 10, 42, 43 irradiation did not result in significant changes in the bulk densities of the carbonates. In fact, after deposition of 900 × 10 18 keV of total kinetic energy, the simulated densities of calcite and dolomite remained effectively unchanged as compared to their initial (pristine state) values of 2.71 g/cm 3 and 2.89 g/cm 3 , respectively, in agreement with previous observations. 21, 34, 44 In contrast, quartz has been shown to exhibit a 15% decrease in density, and complete amorphization, at the same radiation exposure conditions. 7 The significant volume expansion and implied density reduction that was indicated via our MD simulations for an incident energy of 1 keV 7 was later found to be an artifact stemming from an insufficient system size and relaxation time, which resulted in damage saturation of the system after a small number of highenergy collision cascades. This issue was avoided in the current study by using a larger system size, as demonstrated by Krishnan et al., 45 or a smaller incident energy (600 eV). The electron paramagnetic/spin resonance (EPR/ESR) studies from Kabacinsḱa et al. 46 indicate that changes in the hardness or elastic modulus of materials may arise from electron spinning. Our MD simulations do not take electronic behavior into account. Nonetheless, the lack of change in density as ascertained herein does not contradict the results of Kabacinsḱa et al., 46 e.g., since density does not always scale with hardness, as shown previously. 47, 48 In agreement with the vibrational spectroscopy observations, careful inspection of the simulated atomic structuresfollowing irradiationalso did not reveal major structural damage in the calcite or dolomite structures. For example, only subcritical structural modifications (e.g., defect reorganization or distortion) were observed as indicated in Fig. 3 . As such, the substantial resistance of carbonate minerals to irradiation can be attributed to the non-directional nature of the ionic bonds (e.g., Ca-O and Mg-O bonds) in these minerals which can readily recover their initial geometry after radiation exposure, i.e., cessation of the ballistic cascade. 7 In general, the resistance to radiation-induced atomic alterations is dominated by the competition between the short-range covalent bonds (i.e., that induce localized electronic charge between neighboring atoms) and the long-range ionic bonds (i.e., that produce a collection of electrostatically charged spherical ions). 49 As such, following exposure to ballistic collisions, the amount of structural alterations that result depends on the ability of the system to rapidly recrystallize; a process which is facilitated in primarily ionic systems which are able to rapidly regain their pristinemost thermodynamically favorablestructure. 49 This nature of rapid reorganization to the pristine state is hindered in dominantly covalently bonded systems, since the directional nature of atomic bonds prevents local structural reorganizations, thereby hindering the tendency for recrystallization, resulting in the accumulation of atomic defects. 49, 50 Coming back to chemical durability (dissolution rates), recently Pignatelli et al. and Hsiao et al. have shown that mineral and glass dissolution rates are, to the first order, controlled by the topology of their atomic networks. 9, 51 Specifically, it has been highlighted that dissolution rates, for a given solution composition, are determined by the number of topological constraints per atom (n c , unitless) as represented by an Arrhenius-like function: [51] [52] [53] [54] constant that depends on the solution chemistry, R is the gas constant, E 0 is the energy required to break a unit topological constraint and T is the thermodynamic temperature. As such, the variation in the dissolution rates before and following irradiation can be expressed as:
r are the dissolution rates of the irradiated and pristine solute, respectively, and Δn c is the change in the number of topological constraints per atom upon irradiation. 9 By application of this framework, and from knowledge of the pre-and post-irradiation dissolution rates, it is indicated that the limited change in the dissolution rates of calcite and dolomite, before and following irradiation is likely on account of insignificant changes in the number of constraints. This conclusion is unsurprising since the MD simulations above also indicate that the connectivity (e.g., coordination numbers) of the atomic networks of calcite and dolomite remained unaffected by irradiation. This analysis confirms that, despite the small and potentially transient structural changes induced upon irradiation (e.g., distortion of the carbonate groups), irradiation does not induce significant permanent changes in the structure, and consequently the chemical durability of carbonates.
Taken together, by using Ar + implantation as a proxy for neutron irradiation, this study evaluates the extent of damage that calcite and dolomite-two archetypical carbonate mineralsexperience after irradiation by probing changes in both atomic structure and dissolution kinetics, i.e., reactivity. As such, our results highlight that irradiation induces substantially smallerand if anything, conservative (i.e., the reactivity reduces) changesin the chemical durability (i.e., mineral dissolution rates) of carbonates as compared to common silicate minerals (i.e., especially those that are fully polymerized, and in which the silicate-groups are percolating). This can be explained by the observation that the atomic structures and connectivity of the carbonate phases remain broadly unaffected by irradiation. This behavior arises from their non-directional ionic bonds, which can recover their initial geometry after each ballistic cascade. This is why radiation damage in carbonates, even if induced, presents a reversible character. 32 The resistance to irradiation-induced structural alteration is controlled by the competition between covalent and ionic bonds in the system, and the ability for a structure to recrystallize to its thermodynamically most favored state depends mostly on its ionic nature. Conversely, recrystallization is hindered in structures that are covalently bonded, whose directional character inhibit structural reorganizations, thereby retaining structural defects. These conclusions are supported by our MD simulations which reveal no changes in the atomic densities of both calcite and dolomite after exposure to irradiation, in an ideal system (i.e., no impurities or defects), 21, 34, 55 although the sample may experience some form of defect reorganization that could decrease their aqueous dissolution rates. This is unlike the case of framework silicate aggregates whose volumetric expansion, change (reduction) in mechanical properties, and reduced chemical durability render them poorly suited for use in nuclear concrete construction. This suggests that it would be appropriate to especially prescribe and specify the use of (solely) carbonate-based aggregates in the design and construction specifications of nuclear power plants and other relevant facilities.
METHODS
Sample preparation and ion-irradiation
Synthetic single-crystals of (100)-oriented calcite with dimensions of 1 cm × 1 cm × 1 mm (l × w × h) were sourced from MTI Corporation. Naturally occurring dolomite from Sussex County, NJ was obtained from Ward's Science and sectioned to dimensions of 1 cm × 1 cm × 1 mm using a low-speed diamond saw (IsoMet TM 1000, Buehler Inc.). One side of the dolomite coupons was successively polished using 400, 600, 800, and 1200 grit SiC abrasives and then with diamond paste from 6, 3, 1, and ¼ µm prior to ion implantation.
To simulate neutron irradiation, calcite and dolomite were exposed to Ar + ions, which induce similar damage as neutrons while offering precise beam control and ease of handling. 56 The as-received calcite and polished dolomite samples were irradiated at the Michigan Ion Beam Laboratory (MIBL) at ambient temperature using a 400 keV Ar + ion beam to a total fluence of 1.0 × 10 14 ions/cm 2 . The ion or neutron fluence and the system's temperature determine the extent of irradiation-induced damage and disordering that is produced (e.g., displacements per atom: dpa). 57 For example, a typical neutron fluence after 40 years of operation in nuclear power plants is around 10 19 n/cm 2 . 6 To induce the same extent of disordering via ion bombardment, the fluence must be around 10 5 times lower. 57 Thus, an Ar + fluence of 10 14 ions/cm 2 was chosen herein. Further, increasing the incident energy beyond 100 eV has been shown to not affect lattice distortion and atomic density. 45, 58 It is noted that the medium recoil energy for 400 keV Ar + ions is a factor of 4 lower than for neutrons, although the damage recovery rates of the two are similar. 59 The concentration of implanted Ar + ions as a function of depth was calculated using SRIM (Stopping and Range of Ions in Matter) using the "detailed calculation with full damage cascade method" based on the incident energy of the ion beam (400 keV), the displacement energies for each atom, i.e., Ca, Mg, C, and O which are 25, 25, 28, and 28 eV, respectively, and the ideal compositions and densities of the solids (calcite: 2.71 g/cm 3 and dolomite: 2.87 g/cm 3 ). These calculations indicate ion-influenced depths of around 500 nm and 430 nm for calcite and dolomite, respectively (see Fig. 6 ). The presence of impurities and defects that may affect the actual ion-implanted depths was not considered in the SRIM calculations.
Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS)
To ascertain the composition of dolomite, SEM-EDS analysis was carried out on powdered samples with an average particle diameter of around 20 μm. The particulates were gold-coated to a thickness of around 6-to-7 nm and examined using backscattered electrons using a Phenom G-2 SEM (15 kV, 80 pA). The field-of-view (FoV) selected was larger than 10000 μm 2 and more than three repeat measurements were carried out for each sampling area (see Table 2 ). The slightly higher concentration of Ca relative to the reference value (1-to-2 mol%) likely arises from the presence of 1-2 mol% CaCO 3 as vaterite (a hexagonal polymorph of CaCO 3 ), 60 as confirmed by X-ray diffraction.
X-ray Diffraction (XRD)
The presence of mineral impurities in the natural dolomite samples was examined using a Bruker D8-Advance powder x-ray diffractometer in θ-θ Bragg-Brentano geometry, using Cu-Kα radiation (λ = 1.5406 Å) at an accelerating voltage of 40 kV and a beam intensity of 40 mA. A 2θ range of 20°to 75°, a step size of 0.02°, and an exposure time of 0.5 s/step were used. The XRD pattern of the sample is qualitatively similar to the International Centre for Diffraction Data (ICDD) reference for dolomite (Code: 00-001-0942), as shown in Fig. 7 . The presence of vaterite impurity was identified from the diffraction peak at 2θ = 26.64°. 61 Fig. 6 The representative Ar + ion concentrations as a function of the distance from the implantation surface (located at x = 0 nm). The ion concentration when multiplied by the implantation fluence (10 14 ions/cm 2 ) reveals the number density of implanted Ar + ions per unit volume. This calculation assumes defect-free, stoichiometric single crystals Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy FTIR was carried out on pristine and irradiated calcite and dolomite samples using Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR, PerkinElmer Spectrum Two) at room temperature. Here, polished calcite and dolomite surfaces were pressed using around 90 N of force onto a diamond/ZnSe composite crystal to ensure good contact and generate total internal reflection. The spectra reported herein were obtained by averaging 4 scans over the wavenumber range of 2000-400 cm −1 at a resolution of 1 cm −1 .
The peaks observed in a Raman spectrum arise from specific molecular vibration or rotation modes. Both the pristine and implanted dolomite samples were probed using a Renishaw inVia confocal Raman microscope with an incident laser beam of near-infrared wavelength of 532 nm. The laser penetration depth in Raman spectroscopy depends on the wavelength of the incident beam, the confocal hole size, the numerical aperture of the objective (NA = 0.85), and the magnification offered by the objective (×100). The penetration depth for the spectra shown herein is calculated to be around 464 nm for a wavelength of 532 nm, implying that the acquired signal is dominated by the material in the irradiation-affected (damaged) region. The spectra were obtained at 1 cm −1 resolution over 10 s of exposure of the CCD detector in the wavenumber region 125-2000 cm −1 . Three spectra were collected at 2 different areas on the mineral surfaces (each having a spot diameter of 100 µm).
Vertical scanning interferometry (VSI) for quantifying mineral dissolution rates
The dissolution rates of pristine and irradiated calcite and dolomite surfaces were measured using a flow-through cell (PermeGear) at room temperature (22 ± 1°C). Alkaline solutions with pH 10, 12, and 13i.e., to mimic the chemical environment in concretewere prepared by adding reagent-grade NaOH to deionized water (>18 MΩ cm). The pH of the solutions was measured using a ThermoFisher Scientific Orion Versa Star Pro pH Benchtop Multiparameter Meter calibrated over the range of 2 ≤ pH ≤ 13. The solutions were injected into the cell (volume = 0.708 mL) at a flow-rate of 1.0 mL/min using a peristaltic pump. These flow conditions have been shown to be sufficient to prevent supersaturation with respect to phases such as Ca(OH) 2 , Mg(OH) 2 , CaCO 3 , and MgCO 3 . 22, [62] [63] [64] [65] The dissolution rates of calcite and dolomite were measured using vertical scanning interferometry (VSI) by observing the surface retreat after 2 h of reaction for pristine calcite, 4 h for irradiated calcite, and 6 h for pristine and irradiated dolomite. These periods of solution contact resulted in dissolution depths < 300 nm across all samples. This implies that the zone of the mineral that dissolves is well-within the ion-influenced regions as simulated using SRIM. A 50 × Mirau objective (N.A. = 0.55, lateral resolution 0.163 μm) was used to measure surface height (change) over a total field of view (FoV) of 1374 μm × 974 μm. To offer a height reference for the VSI measurements, a portion of the sample surface was covered with an inert silicone mask (Silicone Solutions SS-38). Thus, the masked area that is revealed after peeling off the silicone mask serves as an unreacted "reference." The topographical images acquired were analyzed using Gwyddion (ver. 2.48). The absolute height difference between the reacted (dissolved) and masked areas when divided by the molar volume and the period of dissolution reveals the molar dissolution rate. The error bars shown signify one standard deviation of the average dissolution rate for three unique samples. The dissolution rate for each sample is the average of at least three measurements made across different areas on the sample. Additional details on the VSI methodology can be found elsewhere. 9, 10 
Molecular dynamics (MD) simulations
To examine the nature of irradiation-induced damage at the atomic level, MD simulations of calcite and dolomite were carried out using LAMMPS following an established method. 9, 45, [66] [67] [68] Herein, a randomly selected atom from within the structure of calcite and dolomite (i.e., Ca, Mg, C or O), known as primary knock-on atom (PKA), is accelerated to a kinetic energy of 600 eV, resulting in the formation of ballistic cascades. Note that, based on the predicted energy loss of colliding neutrons, this deposited kinetic energy (600 eV) corresponds to a neutron energy roughly ranging from 4-to-13 keV. The weighted collision probabilities of the different atoms with an incident neutron were based on the neutron cross-sections of the respective elements shown in Table 3a . The neutron cross sections are energy-dependent at low energy (< 10 keV), and typically decay logarithmically with increasing energy and then oscillate for energies ranging from 10 keV to 10 MeV. In Table 3a , the cross-sections were selected so as to account for a deposited energy of 600 eV. For a given incident particle, the accumulation of irradiation damage (e.g., the number of induced ballistic cascades) is determined by the incident particle fluence. 69, 70 In order to minimize the effects of the thermostat on the dynamics of the atoms after impact, the ballistic cascades are simulated in the NVE ensemble. Once the PKA comes to rest, a spherical region of 10 Å is defined around the PKA, wherein the dynamics is simulated in the NVE ensemble (while the rest of the system is kept at 300 K by a Berendsen thermostat). This is because, at this stage, most of the high-energy motion occurs at the vicinity of the PKA, while the rest of the system (far from the PKA) gradually absorbs the generated heat and ensures that the temperature gradually goes back to 300 K. An incident energy of 600 eV was chosen to simulate the 400 keV Ar + ion incident energy while taking into consideration the need to rationalize computational cost (i.e., simulating collision cascades at higher incident energies requires larger system sizes and longer relaxation times). Thus, the incident neutron energy used in MD simulations is, therefore, lower than that used in the experiments. This is, however, an intrinsic limitation of MD simulations. Nonetheless, the incident energy was confirmed to not affect the final atomic structure-provided that (i) the incident energy is larger than the critical atomic threshold (displacement) energy, (ii) the system is large enough to avoid any spurious effects from the periodic boundary conditions, and (iii) the duration of the simulated dynamics of the system after each ballistic cascade is sufficiently long. 45 Fig. 7 Representative X-ray diffraction patterns of powdered dolomite shown alongside the ICDD reference. The diffraction peak at 27°indicates the presence of vaterite impurity During the ballistic cascade, a variable timestep is used-a constant timestep of 1 fs is used otherwise. The cascade dynamics is allowed to evolve for 15 ps, which is found to be long enough for the convergence of potential energy and stoppage of the PKA. The resulting structure is equilibrated in the NPT ensemble for 5 ps at 300 K under zero pressure after each cascade. This process is then iteratively repeated until both enthalpy and density plateaued. 9, 45, [66] [67] [68] Herein, the input crystal structures for calcite and dolomite are based on those of Reeder and Mackgraf et al. (1985, 1986 ). 20, 71 These unit cells were replicated in all three directions to obtain a supercell having a sizes of (9 × 11 × 3) for calcite and (10 × 10 × 3) for dolomite, corresponding to 8910 and 9000 atoms, respectively. The replication sizes were selected to be at least twice as large as the maximum distance that the displaced atoms traveled upon a ballistic impact, as discussed in Hsiao et al. 9, 10 Because a large region is affected during each ballistic cascade, large system sizes are required to avoid spurious self-interactions arising from the periodic boundary conditions. To offer realistic results, MD simulations rely on the use of accurate interatomic potentials. In the case of irradiation, the interatomic potential must be able to accurately describe both the pristine and disordered structures of the relevant system using a fixed set of parameters. Furthermore, the potential must be able to account for the high-energy interactions at shortrange due to the ballistic collisions and high-velocity interactions of atoms occurring during the damage cascade. Therefore, the potentials of Raiteri et al. was used. 72, 73 This forcefield relies on a Buckingham formulation, which includes Coulombic interactions, an exponential repulsion term that captures the energy penalty associated with the overlap of the electronic clouds at short distance, and a longer-range van der Waals term that is written as: U ¼ A exp À r ρ À C r 6 , where, U is the interatomic potential energy, r the interatomic distance, and A, C, and ρ are parameters defined for each pair of atoms (see Table 3b ). Note that the Buckingham-type potential used describes X-O interactions, wherein X = Ca, Mg, or O. In contrast, the carbonate groups are modeled as rigid molecules via harmonic potentials. 72, 73 The choice of this potential is motivated by the fact that this forcefield has successfully predicted the structure of both crystalline and amorphous carbonates. 72, 73 The effect of irradiation on the atomic topology of the carbonate minerals was analyzed within the framework of topological constraint theory (TCT). [74] [75] [76] By reducing complex atomic networks into simple mechanical trusses, TCT captures their network topology while filtering out details that do not affect dissolution behavior. 51 The network rigidity was evaluated by calculating the number of constraints per atom (n c ), which includes the radial bond-stretching (BS) and angular bond-bending (BB) constraints that sustain the bond lengths and angles of the atom, respectively. Based on Maxwell's stability criterion, 77 this allows atomic networks to be described as either (i) flexible (n c < 3), i.e., showing some floppy internal modes of deformation, 78 (ii) stressed-rigid (n c > 3), i.e., featuring some eigenstress due to mutually incompatible constraints, 79, 80 or (iii) isostatic (n c = 3), being rigid but free of any internal eigenstress.
